AD-A102  068  OHIO  STATE  UNIV  RESEARCH  FOUNDATION  COLUMBUS  F/6  2i 

ELECTRON  DEVICE  CONTACT  STUOIES.(U) 

AUG  80  P  E  *IGEN»  M  0  THURSTON  F33615-77-C-1002 

UNCLASSIFIED  AFWAL-TR-80-U30  NL 


AFWAL-TR- 80-1130 


ELECTRON  DEVICE  CONTACT  STUDIES 


Philip  E.  Wigen 
Marlin  0,  Thurston 

The  Ohio  State  University  Research  Foundation 
1314  Kinnear  Road 
Columbus,  Ohio  43212 


s 


DTIC 

ELECTE 
JUL  38  1981 


August  1980 


'r  i  >  i  i  Jfi 


TECHNICAL  REPORT  AFWAL-TR-80-1130 

Interim  Report  for  Period  1  November  1978  -  31  October  1979 


Approved  for  public  release;  distribution  unlimited. 


AVIONICS  LABORATORY 

AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 
AIR  FORCE  SYSTEMS  COMMAND 

WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO  45433  Q  *g 


7  2*7  0  45 


NOTICE 


* 


When  Government  drawings ,  specifications ,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation , 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever ;  and  the  fact  that  the  government  may  have  formulated,  furnished,  or  in 
any  way  supplied  the  said  drawings ,  specifications ,  or  other  data,  is  not  to  be  re¬ 
garded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture 
■use,  or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 


This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASD/PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) .  At  NTIS ,  it  will 
be  available  to  the  general  public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 

MILLARD  Cl'rfTp,  F  roject  Engineer 
Electronic  Research  Branch,  AFWAL/AADR 
Avionics  Laboratory 


FOR  THE  COMMANDER 

PHILIP  E.  STOVER,  Chief 

Electronic  Research  Branch,  AFWAL/AADR 

Avionics  Laboratory 


"If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing  list,  or 
if  the  addressee  is  no  longer  employed  by  your  organization  please  notify  AFWAL/AADR > 
W-PAFB,  OH  45433  to  help  us  maintain  a  current  mailing  list”. 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations ,  contractual  obligations ,  or  notice  on  a  specific  document. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Wh»n  Data  Entered) 


'll}  REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER  1  |2.  GOVT  ACCESSION  NO. 

,  AFWAL-TR-  80-113^  *  Pfftr  H0£ 

3.  RECIPIENT'S  CAT  ALOG  NUMBER 

- - - - 

A.  TITLE  (*>d  Subtitle) 

ELECTRON  DEVICE  CONTACT  STUDIES, 

5.  TYPE  OF  REPORT  «  PERIOD  COVERED 

Interim  Technical 

11/1/78  -  10/31/79 

6.  PERFORMING  O^G.  REPORT  NUMBER 

764596/710525 ^ 

7.  AUTHORS  a)  f 

j  Philip  E.  j Wigen  emti  Marlin  0.  Thurston 

8.  CONTRACT  OR  GRANT  NUMBER/*) 

1  P33615-77  C-^002  / 

/  . 

9.  PERFORMING  ORGANIZATION  NAME  ANO  ADDRESS 

The  Ohio  State  University 

Research  Foundation 

1314  Kinnear  Road,  Columbus,  Ohio  43212 

10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  b  WORK  UNIT  NUMBERS 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Avionics  Laboratory,  Air  Force  Wright  Aeronauti¬ 
cal  Laboratories,  Air  Force  Systems  Command, 
Wright-Patterson  Air  Force  Base,  Ohio  45433 

TL.aEBOBT  jqaue - - 

// J  Aug**pa»80  . . 

IS.  NUMBER  OF  PAGES  // 

39  j  /  ‘  , 

14.  MONITORING  AGENCY  NAME  6  AODRESSfif  ditterent  from  Controlling  Olhce) 

IS.  SECURITY  CLASS,  (ol  thie  faptm) — 

Unclassified 

1$«.  DECL  ASSIFICATION  OOWNGR  AOING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  (of  th! a  Report) 

Approved  for  public  release;  distribution  unlimited. 

/ 

•  "  i  .  ’ 

'  /  r  '  • 

17.  DISTRIBUTION  STATEMENT  (ol  the  abetract  entered  In  Block  20.  II  dlllerenl  from  Report) 

IB-  supplementary  notes 

19.  KEY  WORDS  (Continue  on  reveree  aide  H  neceeesry  end  identify  by  block  number) 

Contacts,  Gallium  Arsenide,  Ohmic,  Tunneling 

20  ABSTRACT  ( Continue  an  reveree  aide  II  neceeeary  and  Identity  by  block  number) 

This  report  describes  the  initial  half  of  a  program  of  investigation  and 
characterization  of  contacts  made  to  GaAs .  A  theoretical  model  of  contact 
behavior  based  on  electron  tunneling  is  adapted  to  GaAs  and  will  be  used  to 
compare  experimental  results  of  Au  contacts  fabricated  on  Sn  diffused,  n- 
type,  GaAs  surface  layers.  The  fabrication  of  n-type  layers  using  spin- 
on  dopant  sotices  and  a  semi  closed  chamber,  in  an  open  tube  diffusion  process 
are  explained.  The  characterization  of  contact  performance  with  a  value  of 
specific  contact  resistance.  R^ .  and  the  measurement  of  Rr  using  the  transfer 

00  I  JAN  73  1473  EDITION  OF  I  NOV  «5  IS  OBSOLETE 


.1 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  flWien  Date  Entered) 


SECURITY  CLASSIFICATION  of  THIS  PAGEfWTxn  Dmlm  Enttfd) 


20.  (Abstract)  continued 


length  method  are  covered.  Investigation  into  In-au  GaAs  alloyed 
type  contacts  is  also  presented. 


SECURITY  CLASSIFICATION  of  tw*  PAGerlW.»n  Enltrtd) 


PREFACE 


The  research  report  contained  herein  was  supported  by  the  U.S.  Air  Force 
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Ohio  State  University,  Department  of  Physics.  This  report  covers  a  period  from 
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The  main  objective  of  this  research  program  is  to  investigate  the  fabri¬ 
cation  of  low  resistance  contacts  to  gallium  arsenide  (GaAs)  and  to  examine 
their  behavior  with  respect  to  theoretical  models.  This  report  covers  the 
background  theory  used  in  the  modeling  of  the  contacts  and  gives  the  processing 
steps  developed  for  the  fabrication  of  Au-GaAs  contacts. 
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SECTION  I 


1.  Introduction 

Low  resistance  contacts,  otherwise  referred  to  as  "ohmic"  contacts,  to 
GaAs  are  necessary  if  practical  GaAs  devices  are  to  be  realized.  The  term 
"ohmic"  generally  refers  to  a  contact  which  exhibits  non-rectifying  current- 
voltage  (I-V)  behavior  and  an  appropriately  low  value  of  resistance.  The 
quantitative  term  used  for  describing  the  resistance  of  the  contact  is  called 
"specific  contact  resistance,"  R<. ,  and  has  units  of  ft-cm2.  The  value  of  Rc 
gives  a  measure  of  the  contact  resistance  in  relation  to  its  size.  As  the 
size  of  a  contact  is  varied  the  absolute  circuit  resistance  due  to  that 
contact  changes  but  the  value  of  Rc  remains  constant.  Researchers  currently 
working  on  the  problem  of  making  contacts  to  GaAs  [1-6]  report  values  of  Rc 
in  the  range  of  10“ 3  -  10-7  Q-cm2  using  various  fabrication  methods,  and 
this  is  the  range  currently  referred  to  as  "ohmic." 

Nearly  all  metals  of  practical  interest,  when  applied  to  GaAs  to  form 
a  contact,  result  in  the  formation  of  a  Schottky  barrier.  According  to  simple 
theory,  the  barrier  height  is  proportional  to  the  difference  between  the  work 
functions  of  the  metal  and  the  GaAs.  Using  this  idea,  the  ohmic  contact  could 
be  made  by  choosing  an  appropriate  metal  so  that  the  work  function  difference 
would  go  to  zero  or  even  negative.  However,  due  to  the  interaction  of  the 
metal  and  GaAs  during  contact  formation  [7,8],  surface  states  are  formed  which 
always  cause  a  barrier  to  be  present  and  to  have  a  height  that  is  relatively 
independent  of  the  choice  of  metal  or  the  doping  level  within  the  GaAs. 

In  order  to  obtain  an  ohmic  contact  in  the  presence  of  a  Schottky  barrier, 
one  must  utilize  the  quantum  mechanical  phenomenon  of  tunneling.  With  this 
effect  the  electrons  do  not  experience  the  barrier  at  the  contact  but  tunnel 
through  the  barrier  at  points  where  the  barrier  width  is  sufficiently  narrow. 

If  the  GaAs  is  highly  doped  then  a  sufficiently  narrow  barrier  can  be  made  so 
electrons  tunnel  through  at  room  temperatures  and  low  resistance  contact 
behavior  is  observed. 

Fabrication  of  ohmic  contacts  to  GaAs  has  been  explained  as  depending  on 
tunneling  to  achieve  ohmic  properties  but  verification  of  the  application  of 
the  tunneling  model  has  not  been  completely  shown  to  this  point  in  time.  This 
is  due  in  part  to  the  method  by  which  currently  used  ohmic  contacts  are 
fabricated.  In  the  case  of  a  contact  to  n-type  GaAs,  an  alloy  of  Au-Ge  is 
put  on  the  GaAs  surface  and  heated.  The  GE  diffuses  into  the  GaAs  surface 
and  creates  a  highly  doped  surface  layer,  giving  rise  to  a  narrow  Schottky 
barrier  width  which  allows  tunneling.  However,  with  such  a  process  it  is 
very  difficult  to  determine  exactly  how  the  GaAs  surface  has  been  changed 
and  to  obtain  the  information  about  doping  profile  necessary  to  relate  contact 
operation  to  the  tunneling  model. 
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Therefore,  current  information  on  GaAs  contacts  has  been  limited  to 
either  recipes  on  how  someone  made  a  contact  with  a  certain  value  of  Rc  or 
theoretical  calculations  of  contact  performance  based  on  the  tunneling  model 
without  experimental  verification.  In  the  case  of  the  former,  even  though 
an  ohmic  contact  may  be  obtained,  contact  performance  under  various  condi¬ 
tions,  for  example  different  temperatures,  cannot  be  predicted  but  must  be 
measured  for  each  contact.  Furthermore,  a  quantitative  prediction  of  contact 
behavior  under  different  conditions  of  fabrication  (i.e.,  different  metals  or 
different  semiconductor  materials)  cannot  be  made. 

The  aim  of  this  part  of  the  research  program  is  to  attempt  to  put  both 
parts  together.  The  fabrication  process  used  is  such  that  an  ohmic  contact 
based  on  the  tunneling  principle  is  expected,  but  the  procedure  used  allows 
information  needed  for  the  application  of  the  theoretical  model  to  be 
obtained.  Once  adequately  verified  the  model  can  then  be  used  to  predict 
further  contact  performance. 

This  report  details  the  first  half  of  the  research  program  in  which  the 
necessary  theory  and  the  fabrication  procesaes  to  be  used  were  developed. 

Section  II  reviews  the  theoretical  ideas  concerning  tunneling  and  its  applica¬ 
tion  to  contacts.  Section  III  covers  the  details  of  the  experimental  fabrica¬ 
tion  procedure  and  results  obtained  to  date.  Section  IV  summarizes  the  first 
year  results  and  outlines  the  direction  of  research  to  be  done  during  the 
second  term.  Section  V  discusses  the  computer  program  used  to  calculate  a 
theoretical  value  of  Rc .  References  are  given  at  the  end  of  the  report. 

2.  Theoretical  background  of  electron  tunneling  and  its  relationship  to  metal- 
semiconductor  contacts. 

The  relationship  between  electron  tunneling  and  contact  resistance  is 
best  understood  by  first  considering  the  model  for  a  metal-semiconductor  (MS) 
contact.  A  simple  model  for  a  MS  contact  in  equilibrium  is  given  in  Figure  1. 
This  figure  shows  the  band  diagram  resulting  from  contact  between  a  metal  and 
a  uniformly  doped  n-type  semiconductor.  The  difference  in  work  functions  bet¬ 
ween  the  metal  and  semiconductor  [9],  as  well  as  effects  due  to  surface  states, 
result  in  a  potential  barrier  being  formed  of  height  (j>g  for  electrons  flowing 
from  metal  to  semiconductor  and  of  height  for  electrons  from  semiconductor 

to  metal.  This  potential  barrier  is  commonly  called  a  Schottky  barrier  and  also 
has  associated  with  it  at  the  surface  of  the  semiconductor  a  space  charge  region 
of  very  low  free  electron  concentration.  The  width  of  this  effectively  non¬ 
conducting  region,  W,  is  given  by: 


Figure  1.  Basic  model  for  the  metal- 
semiconductor  contact . 


where 


=  seniconduc Lor  permittivity 


£ 

S 

Np  =  n-type  donor  doping  concentration 

d>,  .  =  "built  in  potential" 
bi 

k  =  Boltzmann's  constant 


T  =  temperature 
q  =  electronic  charge 

The  flow  of  electrons  across  the  junction  is  determined  by  thermionic  emission 
over  the  barrier.  The  barrier  height,  <j>g,  remains  relatively  constant  and  so 
the  electron  flow  from  metal  to  semiconductor  is  relatively  constant  and  small 
except  for  extremely  high  temperatures.  The  flow  in  the  opposite  direction 
depends  on  <J>gi  which  can  be  made  smaller  by  an  appropriate  bias  across  the 
junction.  In  both  cases,  the  barrier  exhibits  an  impediment  to  electron  flow 
and  the  contact  exhibits  high  contact  resistance.  Specifically,  the  contact's 
characteristics  are  those  of  a  metal  semiconductor  diode. 

Classically,  is  given  by 

*B  '  +M  -  Xs  <2> 


where  =  metal  work  function 
N 

=  semiconductor  electron  affinity. 


Therefore,  a  choice  of  metal  giving  4>m  =  Xg  would  lead  to  <j>B  =  0  and  no  barrier, 
meaning  a  non  rectifying,  low  resistance  "ohmic"  contact.  However,  due  to  sur¬ 
face  states  arising  from  reaction  between  the  metal  and  semiconductor  surface 
[9]  a  finite  will  always  exist,  and  therefore  obtaining  a  low  resistance 
contact  in  the  presence  of  such  a  barrier  is  seemingly  impossible. 


To  overcome  this  problem,  the  semiconductor  is  doped  very  highly  giving 
a  large  Nq  and  the  band  diagram  of  Figure  2  will  result.  In  this  figure  the 
semiconductor  donor  doping  concentration,  Np,  is  so  large  that  the  fermi  level 
in  the  semiconductor  lies  above  the  conduction  band.  In  such  a  case,  the  semi¬ 
conductor  is  said  to  be  degenerate.  This  high  doping  affects  the  contact 
resistance  through  a  reduction  in  W  due  to  the  increased  Np.  For  the  case  of 
T  =  0°K,  with  electrons  concentrated  in  states  around  the  fermi  level  in  both 
metal  and  semiconductor,  the  thinness  of  W  allows  electrons  to  quantum  mechani¬ 
cally  tunnel  through  the  potential  barrier  into  available  states  on  the  other 
side.  At  even  higher  temperatures,  the  electrons  move  up  the  barrier  by 
obtaining  thermal  energy  and  are  presented  with  an  even  thinner  barrier  through 
which  to  tunnel.  This  process  leads  to  a  large  flow  of  electrons  across  the 
junction  without  their  having  to  go  over  the  barrier.  Such  tunneling  results 
in  low  contact  resistance  even  when  a  Schottky  barrier  is  present. 
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Using  a  model  similar  to  Figure  2,  Padovani  and  Stratton  [10]  and 
Padovani  [11]  have  developed  theoretical  equations  giving  the  current- 
volt  nj>,r  response  ot  an  MS  contac  t  where  electron  tunneling  through  the 
Insulating  space  charge  region  is  the  dominant  conduction  mechanism. 

The  theoretical  development  begins  with  the  equation  [12,  13]. 


x 

■  (&)£  lfl(El>  -  W1  /P(E  1-  v  dpy  dpz  dEl 


giving  a  one  dimensional  current  density  for  electrons  starting  in  conductor 
1  (fermi  function  f^(E),  electron  energy  Ej)  and  tunneling  through  the  barrier 
in  to  conductor  2.  The  term  PCE-^,  py,  pz)  is  the  transmission  probability  for 
the  electron.  Applying  the  WKB  approximation  to  the  Schottkey  barrier  to  find 
P(Ei,  Py.  Pz)  gives 


In  P 


2 
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[  (px>2 3  1 


(A) 


when  x,  and  x„  are  the  reference  points  for  the  barrier  where  p  2  =  0. 

1  l  A 

Even  if  the  WKB  approximation  is  used,  further  simplifications  are 
necessary  to  keep  the  mathematics  tractable.  One  method  is  to  limit  discussion 
to  certian  conditions  from  which  certain  simplifying  assumptions  can  be  made, 
namely  to  consider  tunneling  from  fermi  level  to  fermi  level  and  make  Taylor 
expansions  of  the  tunneling  probability  around  the  fermi  level  [14]. 


Such  a  limitation  gives  a  more  easily  solvable  expression  for  In  P  in 
terms  of  the  coefficients  in  the  Taylor  expansion.  The  calculation  of  these 
coefficients  involves  integrating  the  various  derivatives  of  electron  momentum 
p(E)  between  the  edges  of  the  barrier,  x^  and  X2 .  Therefore,  a  further  assump¬ 
tion  as  to  the  nature  of  the  momentum  -  energy  relationship  must  be  made  using 
the  following  assumptions: 


1. 


parabolic  momentum  -  energy  relationship  with  p=0 
referred  to  electrons  at  the  semiconductor  fermi 


level , 

(P2) I E=E  =  2m*(E1-EF) 
F 


2.  semiconductor  with  uniform  donor  doping  density,  N^, 
leading  to  a  parabolic  potential  barrier  in  the 

sc  miconductor 

3.  neglect  the  image  force  correction  to  the  barrier 


rip  =  fermi  potential  in  the  semiconductor 


The  values  for  the  Taylor  expansion  coefficients  become: 


I)  =  A  -  t|V/i: 

I  li  on 
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The  subscript,  1,  refers  to  electrons  starting  in  the  semiconductor. 
The  term  Eqo  is  the  characteristic  energy  relating  to  tunneling: 


(8) 


From  another  viewpoint  Eqo  is  seen  to  be  inversely  proportional  to  the  space 
charge  region  width.  Therefore,  a  higher  EO0 ,  corresponding  to  a  thinner  W, 
means  a  larger  likelihood  that  tunneling  will  occur. 

For  small  applied  biases,  V,  (we  will  be  concerned  with  contact 
resistances  in  the  limit  as  V  +  0) ,  with  exp  [rip  -  qV)/kT]  <<  1,  the 
expression  for  the  current  due  to  electrons  flowing  from  the  semiconductor 
to  the  metal  (forward  bias)  is 


exp  [-b^]  |  [Hc^kT/sin  flc^kT] 


[  (cikT)^ 

x  [1  -  exp(-c^V) ]  -  CjV  exp(-c1nF)| 


(9) 


This  expression  is  also  approximately  valid  for  electrons  flowing  under 
reverse  bias  in  the  limit  of  reverse  bias  V  -*  0  and  therefore  the  above 
equation  can  be  used  for  both  cases. 


Equation  (9)  is  valid  for  condition  of  <j>  ,  N^,  and  T  such  that 

-  (10) 
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Using  equations  (9)  and  (10)  along  with  the  definition  for  specific  contract 
resistance , 


R  =  dV  I 
c  dJ  >V  =  0 


(ID 
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Yu  [15]  has  determined  that  for  the  condition  when  equation  (10)  is  satisfied 


„  _r  AHg  { 

Rc  kT  sin(nc,kT)  exp\E 

I  '  oo 


(ClkT)2  eXP\Eoo 


=i"f)]  1 


where  A  =  is  the  Richardson  coefficient, 

n  3 

The  region  where  equation  (10)  is  satisfied,  with  electrons  tunneling  at  the 
fermi  level,  is  known  as  field  emission  (FE) .  Field  emission  is  seen  at  room 
temperature  only  for  very  denergate  doping  and  at  very  low  temperatures  for 
moderately  doped  samples. 

For  conditions  of  T,  <j>g,  and  for  which  eq.(10)  is  not  satisfied  a  differ¬ 
ent  regime  of  tunneling  is  encountered.  This  case  is  known  as  thermionic  field 
emission  (TFE)  or  thermally  assisted  tunneling.  With  TFE,  conditions  are  not 
such  that  electrons  can  tunnel  through  at  the  fermi  level,  but  electrons  obtain 
thermal  energy  and  move  up  the  barrier  to  where  they  see  a  thinner  barrier 
through  which  they  can  tunnel . 

For  the  TFE  case  the  I-V  relationship  is  determined  as  in  the  FE  case 
except  that  the  Taylor  expansion  coefficients  are  not  determined  around  the 
fermi  level  but  at  an  energy  Em  which  is  the  position  of  the  peak  of  the 
energy  distribution  of  the  emitted  electrons. 

The  I-V  response  for  the  TFE  case  has  been  determined  by  Padovani  and 
Stratton  [10]  and  also  by  Padovani  [11]  and  neglecting  the  effect  of  an  erf 
term  is  given  by 

J  =  Js  exp  (qV/EQ) 

where  E  =  E  coth  E  /kT  (13) 

o  oo  oo 


and  J  = 
s 


AVn  <*B  ~  qV  +  nF)Eoo 
kT  cosh(E  /kT) 

OO 


VnF 


These  equations  are  applicable  around  zero  bias  if 
kT  >  2Eqo  [ln(4^/nF)]_1 


cosh2  (E  /kT)  2(<j>  +  n  ) 

OO  d  r 

— - - -  <  - 

sinh3(E  /kT)  Eoo 

oo 


Again  using  the  definition  for  R^  around  zero  bias 


R  _  dV  | 
c  dJ  ' V=0 


and  taking  the  dominant  term  as  the  exp  V/E0  term  then 


R  = 
c 


Eo  f  kT  cosh  Eoo/kT  1  f 

+1f^ooJ  exp  L 


B  +  nF 


F 

kT. 


This  equation  is  the  same  as  the  equation  for  Rc  during  TFE  derived 
by  Yu  [15]  except  he  used  a  J-V  expression  derived  by  Crowell  and  Rideout  [16] 
which  resulted  in  an  effective  substitution  of  E0=kT  Vcoth  E00/kT  in  the 
numerator  in  place  of  the  previously  defined  Eo  from  equation  (13).  For  a 
range  in  Np  of  1018/cm3  to  1019/cm3  the  difference  is  only  about  a  factor  of  two. 

In  the  range  where  neither  equation  (10)  nor  (14)  are  satisfied,  it  would 
seem  that  neither  FE  nor  TFE  occur.  However,  this  is  not  necessarily  true.  The 
fact  is  that  over  this  narrow  range  the  method  of  using  a  Taylor  expansion  to 
solve  for  the  I-V  equation  merely  does  not  give  accurate  results  because  coefficients 
are  not  accurate.  Nevertheless,  the  actual  Rc  will  lie  between  the  values  predicted 
by  equations  (12)  and  (16)  and  a  smooth  curve  can  be  fitted. 

The  range  for  which  equation  (15)  is  not  satisfied  is  called  the  thermionic 
emission  (TE)  regime.  In  this  range  tunneling  does  not  occur  and  electron  flow 
is  dominated  by  emission  over  the  barrier.  This  region  is  characterized  by 
very  large  contact  resistance  with 


„  kT 

Rc  qA  eXp  kT  (17) 

For  this  research  program,  the  main  thrust  is  to  investigate  whether 
or  not  the  tunneling  model  can  be  used  in  determining  Rc  for  the  Au-GaAs  contact. 
Figure  3  shows  the  results  of  an  example  computer  calculation  for  Rc  using  the 
previous  equations.  Parameters  for  the  calculation  are  <£g,  T,  and  Np.  Once 
actual  contacts  are  shown  to  operate  according  to  the  model,  the  theory  can  be 
used  to  predict  contact  performance  over  a  range  of  temperatures.  Or  from  a 
fabrication  viewpoint,  the  donor  doping  needed  to  give  desired  performance  over  a 
specific  temperature  range  can  be  determined.  The  Appendix  contains  further 
information  on  the  computer  calculation. 


Determination  of  Rc 

There  are  various  methods  wnich  can  be  used  to  measure  Rc  [17,  18].  The 
method  used  for  this  program  is  attributed  to  Schockley  and  known  as  the  transfer 
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length  method  [19].  Yu  [15]  used  this  method  to  investigate  contacts  made  to 
Si,  and  Hower,  et  al.  [19]  used  it  for  As/In/Ge  contacts  to  GaAs.  The  basic 
contact  structure  is  shown  in  Figure  4. 

The  large  square  areas  at  either  end  are  the  contacts  to  be  tested.  The 
MS  junction  is  formed  b  tween  each  end  pad  and  the  conducting  substrate  beneath. 
The  overall  structure  forms  a  resistor  with  points  between  the  ends  where  voltage 
can  be  picked  off  (small  narrow  contacts)  to  determine  the  sheet  resistivity  of 
the  conducting  layer. 

A  mathematical  treatment  of  how  such  a  structure  can  be  used  to  determine 
contact  resistance  has  been  given  by  Hower,  et.  al.  [19].  The  analysis  is  based 
on  a  model  of  the  contact  as  shown  in  Figure  5. 

The  term  Rq  is  the  sheet  resistivity  of  the  n-type  conducting  layer. 

The  term  Rc  is  the  specific  contact  resistance  associated  with  the  MS  contact. 

For  the  test,  a  current  I  flows  through  the  conducting  n-type  layer  and  out 
the  contact  which  is  connected  to  V=0.  At  the  leading  edge  of  the  contact,  x=0, 
the  current  entering  the  layer  under  the  contact  is  given  by 


1(0) 


Z_  dV  (x) 
Rq  dx 


(18) 


where  Z  is  the  width  of  the  contact  structure.  At  points  to  the  right  of  this 
edge  some  current  is  drawn  off  due  to  Rc.  At  the  point  x=x^  the  current 
remaining  in  the  conducting  layer  is 


Ij  =  I(x=x1) 


Z_  dV  | 

Rg  dx  '  x=xj 


xi  >  0 


(19) 


which  is  less  than  1(0)  due  to  the  amount  lost  into  the  contact.  The  current 
lost  through  Rc  at  x  =  xj  in  an  interval  dx  is 


dl.  =  -  §-  dxV(xj)  (20) 

1  Kq 

Using  (19) 

dl  =  _  Z_  d2V(x)  | 
dx  Rn  dx2  '  x=xj 


or 


dl 


Z__  d2V (x)  dx  I 
Rq  dx2  '  X=Xj 


which  must  be  equal  to  dlj.  Therefore 


* 


i 
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•  TFE  eq.  (16) 
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eq.  (14  )  not  satisfied 


•  FE  eq.  (12) 


Contact  structure  used  for  deter 
mutation  of  Rc  by  the  transfer 
length  method. 


Figure  5.  Model  used  to  determine 
K  from  the  potential  d 


dxV (x) 


If  a  plot  of  V(x)  is  made  for  x  <  0  and  the  slope  continued  past 
x  =  0,  the  intersection  of  the  continued  line  with  the  x  axis  gives  L^. 

The  values  for  V(x)  for  x  <  0  are  determined  by  measuring  the  voltages  at 
the  thin  pick  off  contacts  along  the  contact  structure.  If  the  width  of  the 
pick  off  contacts  is  small  compared  to  their  separation,  the  voltage  at  one 
of  these  contacts  can  be  considered  to  be  the  voltage  along  a  line  at  the 
center  of  the  pick,  off  strip.  An  example  of  typical  test  is  shown  in  Figure  6. 
The  value  of  R  is  determined  from  the  slope  of  the  line,  the  dimension  of  the 
contact  structure,  and  the  current  magnitude. 


R0  = 


Z  dV  (x) 
I  dx 


x  <  0 


(24) 


Using  this  particular  structure,  the  electron  flow  is  from  metal  to 
semiconductor  for  the  grounded  end  contact  and  from  semiconductor  to  metal 
for  the  other  contact  into  which  current  enters.  Strictly  speaking,  the 
different  directions  of  flow  give  different  I-V  characteristics  and  should 
give  different  values  of  Rc,  but,  as  mentioned  before,  in  the  limit  where  the 
contact  bias  approaches,  zero,  the  I-V  equations  become  nearly  equal  and  so 
nearly  equal  values  of  are  seen  for  both  contacts.  A  large  difference  in 
under  near  zero  bias  conditions  indicates  contact  non-uniformity  probably 
related  to  problems  with  processing. 


To  compare  the  experimental  data  with  theory  the  parameters  of  T, 
fig  and  Nd  are  needed.  A  direct  measurement  of  f>g  is  possible  but  usually 
a  set  of  curves  for  various  6g  are  developed  and  the  experimental  data  for 
Rc  is  plotted  in  among  the  set  of  curves  to  compare  the  fit.  The  temperature, 
T,  is  usually  not  considered  a  control  parameter  in  the  sense  that  you  adjust 
T  to  give  a  desired  Rc>  Usually  f>g  and  are  controlled  to  give  a  desired  Rc 
under  certain  conditions  of  T.  In  this  sense  the  main  parameter  other  than 
fig  is  the  doping  of  the  substrate  N^. 
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V,  in  mV 


Figure  6.  Plot  of  V(x)  for  the  actual  con¬ 
tact  structure  and  determination 


Most  experiments  measuring  Rc  for  MS  contacts  are  concerned  with  n-type 
layers  of  fixed,  uniform  concentration  Nj)  and  this  is  why  the  theoretical 
model  has  been  developed.  However,  it  is  rather  hard  to  collect  many  data 
points  to  develop  experimental  curves  relating  Rc  and  Nq  using  uniformly 
doped  layers  due  to  the  difficulties  in  fabricating  such  layers.  Besides, 
actual  tunneling  contacts  for  practical  applications  are  made  using  a  diffused 
layer  instead  of  a  uniform  layer.  In  such  a  diffused  layer,  the  surface 
concentration  of  dopants  immediately  beneath  the  metal,  Cs,  is  large  thus  giving 
rise  to  tunneling. 

For  this  research  program, instead  of  using  a  uniform  surface  layer,  an 
n-type  diffused  layer  is  used  to  make  the  MS  contacts.  For  insulation  of  the 
n-type  layer  from  the  rest  of  the  substrate,  a  reverse  biased  pn  junction  is 
used.  Namely,  an  n-type  layer  is  diffused  into  the  surface  of  a  p-type 
semiconductor.  During  testing,  the  p-type  layer  remains  at  ground  potential  and 
the  reverse  biased  pn  junction  between  the  n-type  surface  layer  and  p-type 
substrates  confines  current  flow  to  the  n-type  layer  as  desired. 

Using  a  diffused  layer  presents  no  problem  with  respect  to  measuring 
Rc  using  the  transfer  length  method.  For  the  diffused  layer,  an  Ra  can  be 
determined.  However,  in  this  case  the  Rn  represents  an  equivalent  average  for 
the  entire  layer  and  is  still  found  from  the  slope  of  the  V  vs.  x  plot. 

There  is  somewhat  more  of  a  problem  in  defining  the  donor  dopant 
concentration  to  be  used  for  Nq.  The  actual  dopant  profile  in  the  n-type  layer 
can  be  given  as  [20]. 


C(x)  =  C  erf c 
s 


2  \/Dt 


(25) 


where  D  =  diffusion  coefficient  of  the  dopant  atom  in  GaAs 

t  =  time  of  diffusion 
Cs  =  dopant  surface  concentration 
x  =  depth  into  the  surface 


Because  the  dopant  profile  is  not  a  uniform  the  shape  of  the  potential 
barrier  at  the  MS  junction  is  not  parabolic  and  therefore  the  previously 
derived  theory  for  Rc  is  not  strictly  applicable.  A  rigorous  treatment  would 
involve  integrating  the  erfc  profile  twice,  using  Poissan's  relation  to  find 
the  potential  barrier  shape,  and  then  finding  a  suitable  approximation  to  use 
to  predict  the  tunneling  probability.  The  mathematics  of  this  process  is  quite 


complicated  so  for  this  program  a  simple  substitution  of  Cg  for  N-p,  is  used  as 
a  first  order  approximation. 


D 


A  feeling  for  exactly  how  much  of  an  approximation  this  creates  can 
be  gotten  by  examining  the  change  in  dopant  concentration  due  to  the  erfc  profile 
over  the  region  in  interest,  namely  the  space  charge  region.  Some  typical  parameters 
for  a  diffusion  of  Sn  into  GaAs  to  form  the  n-type  layer  are 


[291 


c.  ^  101raV 

s 

for  Sn  in  CaAs 

D  ~  5  x  10'14cm2/sec  [21] 

t  =  3  hrs . 

*B  -  0. 9eV 

For  <p  >>  n  and  <f  ^  if  (the  built  in  potential  of  the  barrier). 

d  r  d  D1 

A  calculation  for  the  width  of  the  space  charge  region,  the  important 
parameter  in  tunneling,  assuming  a  uniform  doping  of  Cg  gives 


-  JJJT( 


kT 


..  .  I  2(12)  (8.85)  (10 '14)  ~  ~ 

u  ^  v  '(T^iTrT^HToT^y  (0-9  ~  0) 

W  ft.  3.5  x  10-6  cm. 

The  actual  Sn  atom  doping  profile  is  given  by 
c(x)  =  Cs  erfc 

=  10*  »  erfc 

Therefore,  for  x  =  W  =  3.5  x  10'6  cm 
C  (w)  =  101B  erfc  (7 .6  x  10‘2) 


for  x  in  cm. 


or 


C (w)  «  9.2  x  1017/cm3. 

Therefore,  based  on  the  width  of  the  space  charge  region  in  a  uniformly  doped 
sample  with  S’])  -  Cs,  the  actual  doping  concentration  in  the  diffused  sample  has 
a  variation  of  approximately  8Z.  This  means  that  the  actual  W  is  slightly  larger 
and  therefore  the  tunneling  probability  is  slightly  less.  However,  with  only  an 
87  variation  in  concentration  over  the  space  charge  width,  the  change  in  W  from 
that  obtained  with  an  exact  calculation  is  slight  and  the  change  in  tunneling 
probability  would  also  be  slight.  Moreover,  for  TFE  where  electrons  tunnel  at 
energies  above  K,.  and  go  into  the  conduction  band  while  still  within  the  space 
change  region,  the  concentration  change  over  their  tunneling  distance  is  even  les 
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This  means  that  the  barrier  shape  they  see  is  even  closer  to  that  of  the  uniformly 
doped  case  and  the  theory  should  be  even  closer.  Therefore,  in  view  of  the 
extreme  simplification  of  the  mathematics  at  a  cost  of  an  error  on  the  order  of 
8%,  the  substitution  of  Cs  from  the  diffused  profile  for  Nj)  seems  justified. 

Because  of  its  ease  of  fabrication,  there  is  another  benefit  in  using  a 
diffused  layer.  The  value  of  C  is  easily  varied  by  incorporating  changes  into 
the  processing  step  at  the  point  the  dopant  is  applied  to  the  semiconductor. 

More  details  are  given  in  the  section  covering  experimental  procedure. 

With  the  particular  processing  method  used  for  this  research,  the  value 
of  Cs  is  not  known  beforehand  but  must  be  determined  experimentally.  The  method 
used  utilizes  the  knowledge  that  the  doping  profile  goes  as  eq.  (25).  As 
mentioned  before,  the  n-type  layer  is  diffused  into  a  p-type  substrate.  The 
background  concentration  of  the  substrate,  Cg,  is  known.  Assuming  complete 
ionization  of  the  n-type  donors,  a  p-n  junction  is  formed  where  the  n-type 
concentration  of  the  layer  is  equal  to  the  background  p-type  concentration.  Using 
equation  (25) 

C(x  =  Xj)  =  CB  =  Cs  erfc 

where  x^  =  junction  depth  =  thickness  of  the  n— tvoe  layer.  Since  Cr> ,  n,  and 
t  are  known,  if  xj  can  be  measured,  can  be  determined. 

An  angle  lapping  and  staining  procedure  is  used  to  measure  xj .  After  the 
diffusion  is  performed,  a  piece  of  the  diffused  wafer  is  scribed  out  and  placed 
on  a  lapping  jig.  Using  alumina  powder  on  a  glass  plate,  the  edge  of  the  piece 
is  lapped  down  at  a  shallow  angle  *  3°  such  that  the  semiconductor  substrate 
beneath  the  original  diffused  surface  is  exposed.  A  staining  solution  is  applied 
to  this  lapped  surface  and  under  illumination  a  reaction  occurs  whereby  the  p-type 
layer  differs  in  color  from  the  n-type  layer.  This  step  is  referred  to  as  ■’unction 
delineation.  After  the  staining  is  complete,  the  lapped  and  stained  junction  area 
is  viewed  under  a  microscope  with  an  attached  interferometer.  By  noting  the  deflec¬ 
tion  of  the  interference  fringes  across  the  lapped  area  with  respect  to  the 
original  diffused  surface,  the  depth  of  the  junction,  xj ,  can  be  determined. 
Equation  (25)  is  then  used  to  calculate  Cg. 

The  value  of  Cs  can  also  be  determined  by  a  measurement  of  the  average 
resistivity,  p,  of  the  diffused  layer  and  relating  it  to  a  curve,  commonly  known 
as  an  Irvin  curve  [22],  which  gives  Cs  for  a  measured  value  of  p  when  the  shape 
of  the  diffused  profile  is  known.  The  value  of  p  is  calculated  from 

~  =  RqXj  (26) 

where  Rn  is  obtained  during  the  measurement  of  Rc. 


p  = 


a 


(27) 


where  a  is  the  average  conductivity.  For  a  uniformly  doped  n-type  layer, 
neglecting  the  contribution  of  holes. 


a  =  qynND 

where  pn  =  electron  mobility. 


(28) 


For  a  diffused  layer  where  the  number  of  electrons  varies  with  depth  into  the 
semiconductor  according  to  equation  (25),  an  integration  must  be  used. 

Namely, 

f*1 

a  =  I  p_(x)N(x)  dx  (29) 

j  J  o 

For  the  diffused  layer 

N(x)  =  C  (x)  =  Cs  erfc 

and  the  mobility  becomes  a  function  of  x  since  mobility  depends  on  concentration. 
Baliga  [23]  has  used  a  computer  to  perform  the  integration  and  determined  sets  of 
curves  relating  3  to  Cs  for  different  values  of  Cg  (which  determine  x^).  Using 
these  curves,  a  measurement  of  Rn  and  x.  can  vield  a  cross  check  on  the  value  of 

Cs- 

However,  there  may  be  some  problems  with  relating  such  curves  directly 
to  GaAs.  In  his  calculation,  Baliga  assumed  complete  ionization  of  the  n-type 
dopant.  Complete  ionization  assumes  that  the  number  of  conduction  electrons,  n, 
is  much  less  than  the  effective  density  of  states,  Nc ,  in  the  conduction  band. 
Since  Nc  is  proportional  to  the  electron  effective  mass,  m*,  and  in  GaAs  since 
me  is  very  small  Nc  is  also  small.  This  means  that  at  the  doping  levels  needed  to 
give  low  Rrj,  an  assumption  of  complete  ionization  may  give  n  »  Nc  which  would 
invalidate  such  an  assumption.  A  modification  of  the  o'  vs.  Cg  curve,  taking  into 
account  incomplete  ionization,  may  be  possible  and  some  investigation  will  be 
performed  along  this  direction. 

Other  methods  such  as  Auger  analysis  are  also  currently  being  looked  into 
as  a  possible  way  of  determining  Cs- 

3.  Experimental  Method  and  Data 

The  general  method  for  fabrication  of  the  contact  structures  will  be 
explained  in  this  section.  Processing  begins  with  a  p-tvpe  GaAs  wafer  into 
which  an  n-type  layer  is  diffused.  Using  a  photoresist  lift  off  technique,  a 
delineated  Au  contact  structure  is  then  fabricated.  Finally  the  individual 
contact  structures  are  scribed  out  and  tested. 
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The  GaAs  wafer  substrates  were  obtained  from  Crystal  Specialities, 

419  West  Maple  Ave.,  Monrovia,  Ca.  91016.  The  manufacturers  specifications 
were: 


P-type  -  Zn  doped 

Carrier  Concentration  -  5  x  1016/cm3 
Mobility  -  378.6  cm2/V-sec 
Orientation  -  (100) 

Resistivity  -  0.37  ft-cm 
Wafer  thickness  -  17  mils 
One  side  polished 

A  total  of  six  wafers  were  obtained.  Small  sections  from  each  wafer  were  scribed 
out  and  cleaned  in  Trichloroethylene,  Acetone,  Methanol,  and  H2O  and  each  was 
tested  for  carrier  concentration  and  mobility  using  a  van  der  Pauw  technique  [24]. 
Ohmic  contacts  were  made  to  the  perimeter  of  the  sample  by  applying  small  dots  of 
In-2%  Zn  alloy  [25]  and  heating  in  a  furnace  at  T  =  225°C  for  10  min.  After  the 
10  min,  the  melted  dots  were  slightly  rubbed  into  the  surface  of  the  wafer  to  give 
better  adhesion.  The  following  data  were  obtained  from  the  van  der  Pauw 
measurements . 

Average  Hall  Background  Zn 

Wafer  II  resistivity  mobility  concentration 

G-cm  cm2/V-sec  /cm3 


3A-1 

0.165 

193.7 

1.95  x  1017 

4A-1 

0.24 

236.7 

1.1  x  1017 

5A-1 

0.146 

213.5 

2  x  1017 

6A-1 

0.144 

222 

1.96  x  1017 

7A-1 

0.146 

215.5 

1.98  x  1017 

8A-1 

0.252 

241.7 

1.03  x  1017 

The  background  concentration  CD  was  calculated  using 

D 


c 


B 


J. _ 


(30) 


This  assumes  that  the  Hall  and  drift  mobilities  for  holes  are  the  same  and  is  the 
usual  assumption  [26[. 
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Before  the  diffusion,  the  wafers  are  given  the  following  wash  and  etch 
t  reatment . 

Time 

1.  Wash  in  trichloroethylene  (TCE)  30  sec  +  30  sec  ultrasonic  cleaner 

2.  Wash  in  acetone  (ACE)  same  as  above 

3.  Wash  in  methanol  (MET)  same  as  above 

4.  Rinse  and  soak  in  deionized, 
distilled  H20  while  preparing 
next  step  etch 

5.  MB  etch  2  min 

1  HF  :  1  HC1  :  4H20  +  1  drop 

H202/10  ml  of  solution 

6.  Wash  in  high  purity  18  Mil  H20 

7.  Blow  dry  with  purified  N2 

8.  Dry  under  heat  lamp 

9.  Store  in  petri  dish 

The  MB  etch  step  is  reported  to  result  in  the  least  number  of  surface  defects  [1]. 

The  above  steps  were  performed  on  every  wafer  that  was  diffused.  However, 
the  subsequent  steps  of  making  and  actual  diffusion  were  varied  throughout  the 
course  of  this  first  year  until  suitable  results  were  obtained.  Much  of  the  research 
effort  this  first  year  went  into  solving  problems  with  the  diffusion  process.  The 
following  discussion  explains  the  various  techniques  investigated  during  this  period. 

The  basic  diffusion  process  consists  of  using  Sn  as  the  dopant  to  form  the 
n-tvpe  layer  on  the  surfact.  The  furnace  is  an  open  quartz  tube  type  shown  in  Figure 
7.  During  the  diffusion,  Ar  gas  is  taken  through  a  cold  trap  (dry  ice  in  a  dewar) 
to  condense  out  any  trace  of  moisture  and  then  put  into  the  diffusion  chamber.  The 
opposite  end  of  the  diffusion  tube  goes  into  a  scavenger  box  which  collects  and 
exhausts  the  gas.  During  diffusion.  As  is  given  off  from  the  GaAs  wafer  and  needs 
to  be  exhausted  since  it  is  poisonous. 

The  source  for  the  Sn  is  a  spin  on  dopant,  Tinsilicaf ilm,  manufactured 
by  F.mulsitone  Company,  19  Leslie  Court,  Whippany,  N.J.  07981.  When  this  solution 
is  spun  onto  the  GaAs  wafer  and  densified  by  heating,  a  Si02  film  incorporating 
Sn  is  formed  on  the  surface.  During  diffusion  the  Sn  in  the  film  goes  into  the 
GaAs  surface  and  forms  the  n-type  layer.  Manufacturer's  data  states  that  surface 
concentrations  of  1020/cm3  are  possible,  which  is  enough  to  give  appreciable 
tunneling. 
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Figure  7.  Photograph  of  the 
diffusion  furnace. 


The  dense  Si02  film  formed  on  the  surface  supposedly  acts  as  a  barrier  to  the 
outdif fusion  of  As  from  the  GaAs  wafer  and  should  allow  a  totally  open  tube 
diffusion  to  be  performed. 

For  the  first  diffusion  trial,  an  appropriate  set  of  masks  was  made  to 
allow  the  fabrication  of  three  rectangular  n-type  islands  in  the  p-type  GaAs 
substrate.  With  such  islands,  there  would  be  p-n  junction  isolation  on  all  sides 
of  the  n-type  diffusion  on  which  the  metal  contact  structures  would  be  formed. 

The  first  processing  step  for  this  trial  was  the  application  and  densif ication 
of  Emulsitone's  Glass  Forming  Solution  #306.  This  solution  forms  a  dense  glass  which 
would  prevent  the  diffusion  of  Sn  into  the  GaAs  in  the  areas  to  be  left  p-type. 

The  first  mask  was  then  used  in  a  photolithographic  step  to  etch  rectangular  holes 
in  this  glass  layer. 

One  of  the  two  wafers  of  this  first  trial  was  further  processed  with  an 
application  of  diluted,  Emulsitone  Silicafilm.  The  Silicafilm  forms  a  layer  of 
Si02  with  no  dopants  and  is  normally  used  for  surface  passivation.  According  to 
the  manufacturer,  an  application  of  Silicafilm  solution,  diluted  with  ethyl 
alcohol,  will  give  a  thin  layer  of  Si02  which  will  prevent  surface  pitting  due 
to  loss  of  As,  while  still  allowing  the  dopants  in  the  dopant  film  to  diffuse 
through . 


Finally,  the  layer  of  Tinsilica  dopant  was  applied  to  both  of  the  wafers 
and  the  wafers  were  put  into  an  open  boat  and  inserted  into  the  diffusion  furnace. 
The  diffusion  temperature  was  850°C  and  the  time  was  2  hrs.  Visual  inspection 
of  these  wafers  after  the  diffusion  yielded  the  following: 

1 .  The  area  of  the  GaAs  surface  under  the  Glass  Forming  Solution  was 
severely  damaged  through  some  sort  of  chemical  reaction  during 
dif  fusion. 

2.  The  wafer  without  the  intermediate  diluted  Silicafilm  layer 
showed  pitting.  The  other  wafer  showed  traces  of  surface  pitting. 

Because  of  1,  it  was  decided  that  the  Glass  Forming  Solution  would  not 
be  used  further.  This  would  not  allow  the  fabrication  of  islands  so  another 
structure  was  necessary.  Other  investigators  [19],  have  used  mesa  etched 
structures  when  investigating  similar  contact  structures.  However,  due  to  the 
ease  with  which  GaAs  can  be  scribed  and  the  smoothness  of  the  resulting  edge 
cleave,  it  was  felt  that  contact  structures  fabricated  with  p-n  junction 
isolation  only  on  the  bottom  and  then  scribed  apart  into  rectangles  would  be 
sufficient.  Such  a  method  allows  for  a  very  even  diffusion  of  Sn  into  the  entire 
surface  of  the  GaAs  substrate.  Metal  contact  structures  would  then  be  made  on 
the  diffused  surface  and  the  individual  structures  scribed  apart  for  testing. 

This  method  also  allows  for  more  structures  to  be  made  at  one  time  on  the  same 
amount  of  surface. 
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Using  this  second  method  of  entire  surface  diffusion,  several  diffusion 
trials  were  performed.  The  intermediate  layer  of  dilute  Silicafilm  was  used  in 
all  trials  and  in  the  same  open  boat,  open  tube  diffusion  procedure  was 
performed.  However,  not  all  the  diffused  surfaces  were  free  of  pitting.  Even  with 
the  intermediate  Si02  film,  As  loss  was  still  causing  surface  disruption. 

For  those  samples  with  relatively  intact  surfaces,  metal  contact  structures 
were  made  for  tests  for  Rc .  The  fabrication  procedure  is  one  known  as  photoresist 
lift  off.  A  layer  of  photoresist  is  applied  to  the  surface  of  the  diffused 
GaAs  wafer  and  exposed  through  the  contact  structure  mask.  When  developed,  the 
photoresist  layer  has  holes  in  it  where  MS  contacts  to  the  surface  are  desired. 
Contact  metal,  in  this  case  Au,  is  evaporated  over  the  entire  surface.  The 
wafer  is  then  soaked  in  acetone  which  dissolves  the  photoresist  and  lifts  off  the 
unwanted  Au. 

In  order  to  give  a  contact  pad  with  much  lower  sheet  resistance  than  the 
underlying  substrate,  a  relatively  thick  layer  of  Au  is  needed.  This  thick 
layer  causes  some  partial  coverage  of  the  edges  of  the  holes  in  the  photoresist 
layer  during  evaporation,  and  so  during  the  acetone  soak  the  gold  is  not  fully 
lifted  off.  However,  a  light  brushing  with  an  artist's  brush  easily  removes  the 
unwanted  Au  and  leaves  the  adhering  Au  contacts  on  the  surface. 

The  tests  for  Rc  on  the  contacts  made  to  the  intact  surfaced  diffused 
samples  from  the  second  trial  diffusion  resulted  in  unexpected  high  values  for 
Rc  on  the  order  of  10  s  of  ohms.  Also  the  I-V  curves  of  the  two  end  contacts, 
with  the  diffused  layer  in  between  acting  as  a  resistor,  displayed  on  a  curve 
tracer  did  not  yield  a  straight  line  but  instead  curves  similar  to  back  to 
back  diodes. 

A  lapping  and  staining  was  performed  on  these  wafers  using  a  2°  lapping 
angle  with  the  following  stains: 

1.  2  ml  HN03 
18  ml  H20 

1  sixpenny  Fe  nail  [27] 

2.  20g  CuS04  •  5H20 
1  ml  HF 

100  ml  H20  [27,  28] 

but  no  junction  was  delineated. 

At  this  point  it  appeared  that  there  were  problems  with  the  n-type  diffused 
layer.  Therefore,  a  different  contact  structure  shown  in  Figure  8  was  fabricated 
on  the  GaAs  surface  using  A1  as  the  contact  metal.  This  structure  was  actually 
intended  for  making  C-V  tests  on  the  Schottky  barriers.  However,  when  tunneling 
occurs,  capacitance  data  cannot  be  taken  due  to  the  presence  of  the  tunneling 
current  and  so  capacitance  tests  were  not  performed.  Figure  9  shows  the  I-V  curves 
of  the  resistance  between  contacts  A  and  B  and  A  and  C  taken  on  the  curve  tracer. 


The  curves  clearly  represent  the  I-V  response  of  the  contacts  acting  like 
two  back-to-back  diodes.  The  knee  represents  the  reverse  bias  breakdown  region 
because  of  the  large  voltages  seen  at  the  point  where  I  starts  to  increase.  In 
quadrant  I  of  the  figure,  the  curves  are  essentially  the  same,  giving  the  reverse 
I-V  response  of  the  same  contact  in  both  cases,  namely  contact  A,  with  contact  A  at 
a  positive  voltage.  In  quadrant  III,  case  II  shows  the  reverse  response  for 
contact  B,  with  B  at  a  positive  voltage,  and  case  I  for  contact  C  with  C  positive. 
Contacts  A  and  B  are  the  same  size  and  should  give  similar  reverse  responses. 

However,  the  areas  of  contacts  A  and  C  are  different  current,  which  is 
proportional  to  contact  area,  the  reverse  leakage  of  current,  which  is  proportional 
to  contact  area,  the  reverse  leakage  of  C  is  much  larger  than  that  of  B. 

The  important  point  is  that  the  curves  show  reverse  bias  characteristics 
for  the  metal  contact  when  that  contact  is  at  a  positive  voltage.  For  a  MS  contact 
to  show  a  reverse  bias  characteristic  when  the  metal  is  positive,  it  means  that 
the  semiconductor  must  be  p-type.  In  other  words,  no  n-type  surface  layer  exists 
in  the  semiconductor. 

It  was  finally  decided  that  the  intermediate  layer  of  Si02,  put  on  to 
keep  the  surface  intact,  was  also  acting  as  a  barrier  to  the  diffusion  of  Sn  into 
the  surface.  Therefore,  this  intermediate  layer  must  not  be  used  if  maximum  surface 
concentration  of  Sn  is  to  be  realized.  However,  removal  of  this  layer  causes  increased 
surface  pitting,  due  to  As  loss,  if  the  same  open  boat-open  tube  diffusion  method 
is  used.  Therefore,  a  new  diffusion  method  had  to  be  developed. 

Other  researchers,  when  diffusing  GaAs  wafers,  have  used  either  loosely 
closed  quartz  boxes  [29]  or  totally  closed  ampoules  [30],  instead  of  the  open 
boat,  in  a  similar  open  tube  furnace.  Inside  these  closed  containers,  either 
elemental  As  or  some  other  source  of  As  is  inserted  along  with  the  GaAs  wafers  to 
be  diffused.  During  the  diffusion  As  escapes  from  both  the  wafers  and  the  extra 
source.  Due  to  the  closed  nature  of  the  container,  an  overpressure  of  As  if  built 
up  which  tends  to  restrict  further  loss  of  As  from  the  wafer  surface  and  reduce 
the  pitting. 

Therefore  an  attempt  was  made  to  apply  this  idea  and  a  semi-closed 
container  (SCG)  was  built  for  use  in  diffusing  Sn  into  the  GaAs  wafers.  Figure  10 
shows  the  container,  made  from  a  quartz  inner-outer  joint  with  the  ends  closed 
down.  For  the  diffusion,  the  GaAs  wafers  are  covered  with  the  Sn  dopant  film  only 
and  placed  in  one  end  of  the  SCC.  The  intermediate  Si02  layer  is  not  used.  This 
allows  the  maximum  Sn  surface  concentration  to  be  realized.  Pieces  of  As  are  placed 
in  the  opposite  end  of  the  SCC.  The  same  open  tube  furnace  is  used.  An  open 
boat  is  used  to  hold  the  SCC  to  allow  for  easy  insertion  and  removal.  Preliminary 
tests  have  yielded  wafers  with  intact  surfaces  (some  slight  pitting  is  still  seen 
but  should  present  no  problems)  and  n-type  diffused  layers  of  adequate  depth. 
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Figure  10.  Photograph  of  the  semi- 
closed  chamber  used  for 
the  diffusion. 


4.  Summary  of  first  year  work  and  second  year  plans. 


As  of  the  end  of  the  first  year  of  this  research  program,  the  following 
has  been  accomplished: 

a.  A  method  to  investigate  tunneling  in  contacts  made  on  n-type  GaAs, 
utilizing  diffused  n-type  regions  to  allow  control  of  Cs,  has  been 
developed. 

b.  Theoretical  models  describing  tunneling  contact  performance  have 
been  examined  and  modified  to  allow  their  use  with  the  particular 
fabrication  process  used  in  this  research. 

c.  A  successful  diffusion  process  for  making  Sn  doped  n-type  layers 
on  GaAs  has  been  developed  and  preliminary  tests  have  shown  it 
yields  good  results. 

d.  A  method  for  making  evaporated  Au  contacts  whose  structures  are 
delineated  by  a  photoresist  lift  off  technique  has  been  developed. 

Plans  for  research  during  the  second  year  cover  the  following: 

a.  The  diffusions  will  continue  using  the  SCC  method  developed. 

Values  of  Cs  will  be  changed  by  varying  source  dopant  film 
dilution  before  spin  on  or  by  applying  various  thicknesses 
of  very  thin,  intermediate  SiC>2  film.  This  variation  will 
allow  an  experimental  curve  of  Rc  vs.  Cs  to  be  developed. 

b.  Communication  with  another  colleague  has  resulted  in  an  idea 
that  perhaps  in  a  lower  humidity  environment  the  dopant  spin 
on  film  will  form  into  a  denser  glass  layer  and  give  better 
protection  against  As  out  diffusion.  This  idea  will  be  tested 
to  see  if  it  might  result  in  being  able  to  use  the  open  boat- 
open  tube  diffusion  method  again, 

c.  An  Auger  analysis  system  is  now  available  in  the  Department  of 
Metallurgy  on  campus  and  will  be  utilized  to  profile  the  contacts 
and  perhaps  yield  a  measurement  of  Cs. 

d.  When  more  fabrication  has  been  done  and  it  is  found  that  reproducible 
tunneling  contacts  can  be  made  using  this  method;  contacts  will  be 
tested  in  other  aspects  such  as  lowering  of  Rc  with  annealing,  noise 
performance,  etc. 

e.  Other  methods  for  relating  Cs  to  measurable  parameters  such  as  Rc 
and  Xj  will  be  investigated. 
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5.  Appendix 

This  section  describes  the  basis  for  the  computer  programs  used  to 
calculate  the  specific  contact  resistance,  Rc,  of  the  Au-GaAs  contacts. 
The  physical  constants  used  in  the  formulas  are: 

q  =  electron  charge  =  1.60  x  10  1 ^coul . 

k  =  Boltzmann  s  constant  =  1.38  x  10  23joul/°K 

or  8.62  x  10~^eV/°K 

h  =  Plancks  constant  =  6.625  x  10  34joule-sec 

m*  =  effective  mass  of  the  conduction  band  electron  in  GaAs 

=0.068  x  m  [9] 
o 

when  m  =  rest  mass  of  the  electron 
o 

=  9.1  x  10_31kg 

e  =  dielectric  constant  for  GaAs  =  12  x  e  [201 
s  o 

=  where  =  8.85  x  10  14F/cm 


The  parameters  for  the  calculation  are: 

<j)B  =  Schottky  barrier  height  &  0.7  -  0.9  eV  [31,  32] 
T  =  Temperature 


Cg  =  Concentration  of  Sn  dopant  at  the  surface 

(but  used  in  this  program  as  the  concentration 
of  a  uniformly  doped  n-type  layer) 

The  first  step,  and  the  reason  why  a  computer  calculation  is  used,  is  in 
the  determination  of  the  fermi  potential  np  =  Ep  -  Ec  for  each  choice  of  C  . 
Usually,  the  fermi  potential  rip  is  calculated  using 


n 


N 

c 


(1A) 


where  N  is  the  effective  density  of  states  in  the  conduction  band  and  is  given 
by 


„  / 2rrm*kT \  2/3 
c  =  2 


(2A) 


and  n  is  the  number  of  free  electrons  in  the  conduction  band.  However,  equation 
(1A)  was  derived  using  a  simplifying  assumption  that  for  most  cases  rip  <  -3kT, 
and  if  such  is  the  case  when  equation  (1A)  is  used,  the  answer  will  be  accurate. 
The  usual  assumption  in  using  equation  (1A)  is  that  all  the  donor  atoms  in  the 
doped  sample  are  ionized,  meaning  that  the  number  of  free  electrons  n  is  equal 
to  the  number  of  donors .  In  this  case 


n  =  C 

s 
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A  calculation  of  Nc  is  made  and  n/N  is  used  to  find  ri„.  As  long  as  the 
resulting  <  -3KT,  the  answer  for  nF  is  accurate.  Tne  case  with  GaAs  is 
that  becuase  of  the  small  electron  effective  mass,  m*.  the  value  of  N  is 
rather  small.  At  room  temperature 

N  ^  4.7  x  lO^/cm8 
c 

For  tunneling  in  contacts  to  occur,  the  doping  level,  C  ,  must  be  on  the  order 
of  1018/cm8,  and  if  complete  ionization  is  assumed,  a  value  of  rip  >  0  results. 
This  means  that  equation  (1A)  can't  be  used  and  the  more  exact  formulation  must 
be  used. 

The  more  exact  calculation  uses  a  summation  of  the  ionized  donors  (and 
acceptors  if  of  appreciable  concentration)  and  the  available  states  in  the 
conduction  band  [34].  The  number  of  free  electrons  resulting  from  ionized 
donors,  NJ,  is  calculated  from  the  total  donor  doping,  C  ,  multiplied  by  the 
fermi  function. 


Ni*> 


■  .  „  ef  ed  . 

|_l+2  exp 


(3A) 


where  is  the  energy  level  of  the  donors. 

Part  of  these  free  electrons  would  go  to  ionizing  any  acceptor  atoms  present 
in  the  semiconductor.  Since  in  an  n-type  semiconductor  any  acceptors  present 
are  almost  completely  ionized,  the  total  number  of  free  electrons  would  become 


NS 


NA 


Ns 


N. 


(4A) 


where  N  is  the  acceptor  doping  concentration. 


In  most  cases,  Nj^  >>  and  so  n  ^  N^. 


These  free  electrons  go  into  conduction  band  states  and  the  number  of 
electrons  in  the  conduction  band  states  is  determined  by 


At  this  point,  an  assumption  must  be  made  as  to  D(E).  The  usual  approxi¬ 
mations  are  to  assume  that  a  single  quantum  state  needs  (2tt)8/V  volume  in 
momentum  space,  a  parabolic  relationship  exists  between  energy  and  momentum, 
and  the  effective  mass  at  the  conduction  band  edge,  m*,  is  valid  over  the 
range  of  integration  in  which  the  integrand  values  are  important.  This  leads 
to  an  electron  density  of  states  in  the  conduction  band 
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2D(E)dE  =  V  x  Nc 


(6A) 


where  V  -  volume  of  the  semiconductor. 

E~EC  n 

Making  a  substitution  of  n  =  —  and  nc  =  —  =  concentration  of  electrons 

in  the  conduction  band  and  using  equations  (6A)  and  (5A)  gives 


Determination  of  the  fermi  potential  requires  a  solution  which  is  based 
upon  the  fact  that  -  N 


Or 


free  electron  go  into  n  condition  band  states. 
°  c 


(8A) 


letting  E-r,  -  E  =  r,  =  fermi  potential 
r  C  1 

E_  -  E  =  =  donor  potential  (for  Sn  in  GaAs  =  5.82  meV  [35] 

D  c  D  D 


Given  values  for  Cs  and  T,  the  computer  programs  find  the  simultaneous 
solution  for  equation  (8A)  resulting  in  a  value  for  The  computer  pro¬ 

gram  uses  a  Simpson  approximation  [33]  for  the  integral  with  an  upper  limit 
of  q  =  10  instead  of  n  =  00 . 


Using  the  obtained  value  of  n  along  with  a  chosen  parameter,  <j>B, 
for  the  Schottky  barrier  height,  and  a  calculation  of  Eqo  from 


(9A) 


the  Taylor  expansion  coefficients  cj  anci  fj  are  determined  from 


C1 


1 

2E 


oo 


(10A) 
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( 10A) 


f 


1 


1 


AF.  nr 
oo  r 


Using  these  constants  and  the  chosen  value  for  T  the  program 
calculates  to  see  if 


is  satisfied.  If  so,  the  conditions  are  that  the  conduction 
mechanism  is  by  field  emission  (FE)  and  the  value  of  contact 
resistance,  Rc ,  is  calculated  from 


R  = 
c 

where 


Atrq 


Ac  j  q 


kTsinCirc  jkT)  explE  I  (ClkT)2  exp 


Clhr 


(HA) 


(12A) 


4  _  Arrm*q(kT)‘’ 
h  3 

If  equation  (11A)  is  not  satisfied  then  the  contact  is  out  of  the 
FE  and  possibly  into  the  thermionic  field  ammision  (TFE)  reg  me.  If 
the  inequalities 


2E 


kT  > 


oo 


and 


cosh 


3E 


00 


sinh3(~) 

are  satisfied  then  the  conduction  is  by  TFE  and 
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where 
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Mien  equation  (14A)  no  longer  is  satisfied,  then  the  thermionic 
emission  (TE)  area  is  entered  wi th 


kT 

R  =  —  exp  — 
c  qA  K  kT 


and  the  contact  behavior  is  rectifying. 


i 


(16A) 
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SECTION  II 


1.  Introduction 

In  addition  to  the  work  being  done  in  relating  theoretical  tunneling 
models  to  contact  performance,  the  effect  of  different  processing  procedures 
in  the  generation  or  surface  states  on  N  type  GaAs  and  consequently  in  the 
contact  behavior  is  being  investigated.  An  In-Au  contact  on  the  same  N  type 
GaAs  has  been  developed  to  be  used  in  the  evaluation  of  the  contacts  under 
investigation  and  because  it  might  have  interest  in  itself  as  a  contact  for 
devices.  This  section  of  the  report  describes  work  performed  from  July  1,  1979 
through  August  31,  1979  and  October  1,  1979  through  November  30,  1979. 

2.  Theoretical  Background 

When  a  metal  is  evaporated  onto  N  type  GaAs,  a  "pinning"  of  the  fermi 
level  deep  into  the  band  gap  is  invariable  observed  (in  low  dopped  GaAs)  no 
matter  which  metal  is  used  and  which  its  electronegativity  is,  as  it  has  been 
explained  in  Section  I.  The  band  structure  appears  bent  near  the  surface 
creating  a  barrier  of  typically  0.8V  and  making  the  contact  to  behave  as  a 
Schottky  barrier. 

By  1976,  it  was  clear  that  there  were  not  intrinsic  surface  states  in 
the  band  gap  for  a  (110)  surface  in  GaAs  and  that  there  was  something  else 
that  was  causing  the  bending  of  the  band  [7].  When  a  metal  is  deposited 
on  a  cleaved  surface  of  N-type  GaAs  equation  (110)  in  an  oxygen  free  ultra 
high  vacuum,  it  is  observed  that  the  evaporation  of  less  than  one  monolayer 
is  enough  to  produce  the  barrier.  In  the  case  of  Au  [7]  it  is  found  that  the 
pinning  is  produced  for  coverings  as  small  as  0.1  monolayer.  It  is  suggested 
that  since  the  heat  of  condensation  of  Au  on  Au  is  quite  large  (89kcal/mol) , 
the  heat  of  condensation  of  Au  on  GaAs  will  be  large  too  and  the  released 
energy  might  be  used  to  break  the  bond  between  the  Ga  and  the  As  and  producing 
a  migration  of  Ga,  leaving  behind  an  As  rich  surface  (non  stochiometric) . 

These  suggestions  can  be  checked  by  forming  a  Schottky  barrier  in  such  a  way 
that  defects  due  to  a  deficit  of  one  of  the  constituents  can  be  eliminated. 

Thus  Woodall  et  al.  [36]  made  a  Schottky  barrier  with  Ga  onto  clean  n-type 
GaAs  and  no  "pinning"  was  observed.  The  same  has  been  reported  by  Bachrach 
[37]  for  p-type  GaAs. 

All  this  suggests  that  far  before  that  the  Au  coverage  is  enough  to 
have  bulk  Au  characteristics  the  surface  states  and  the  bending  of  the  band 
they  produce-  are  there.  The  study  of  the  Al  deposition  on  N-type  (110)  GaAs 
equation  (38)  shows  that  the  Al,  when  evaporated,  breaks  the  GaAs  bonds  at 
the  surface  and  that  a  replacement  of  Ga  by  Al  takes  place  even  at  room 
temperature,  causing  a  migration  of  Ga.  Another  interesting  effect  is  that 
for  thicker  layers  of  metal,  Ga  is  found  in  the  surface  and  bulk  of  the  metal. 

In  manv  practical  cases,  the  contact  is  made  from  chemically  etched  GaAs 
and  hence  it  is  also  important  to  look  at  the  effect  of  the  oxygen  contam¬ 
ination  in  the  contact  characteristic.  Spicer  et  al.  [39]  have  studied  the 
effect  of  oxygen  contamination  of  clean  (cleaved)  n-type  GaAs  (110  orientation). 
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When  the  surface  is  exposed  to  molecular  oxygen,  it  starts  being  absorbed 
by  the  As  (it  bonds  to  the  dangling  bonds  of  the  As  at  the  surface  "chemi- 
absorbtion,"  without  breaking  the  GaAs  molecule.  Absorptions  of  the  order  of 
\°l  produce  important  changes  in  the  electronic  structure  of  the  GaAs  surface 
modifying  the  strain  present  at  the  surface  of  the  "clean"  GaAs  and  creating 
unwanted  states. 

A  more  drastic  phenomenon  occurs  when  the  surface  is  exposed  to  atomic 
oxygen.  In  this  ease,  the  oxygen  can  break  the  GaAs  bond  and  form  true  oxides 
with  the  Ga  and  As  and  thus  generate  a  large  amount  of  acceptor  states  which 
produce  the  bending  of  the  bands  and  the  pinning  of  the  fermi  level  near  the 
center  of  the  Gap.  This  effect  is  also  observed  whenever  the  GaAs  surface  is 
exposed  to  molecular  02  but  there  is  an  excitation  source  (an  ion  gauge,  for 
example) . 

3.  Experimental  Method 

To  studv  some  of  these  problems,  work  using  A1  contacts  has  been  initiated. 
A1  has  been  chosen  because  of  the  difference  in  the  work  function  between  this 
metal  and  the  GaAs  (N-tvpe)  is  about  0.18eV.  Since  the  observed  barrier  after 
the  evaporation  is  about  0.8V  any  effect  due  to  a  change  in  the  preparation 
conditions  can  be  detected.  One  aspect  that  is  not  desirable  in  A1  is  that  it 
can  substitute  the  Ga,  forming  AlAs.  This  doesn't  happen  with  Au,  but  since 
the  difference  between  the  work  functions  of  Au  and  GaAs  (N-tvpe)  is  around 
0.8V  it  is  much  more  difficult  to  detect  if  the  main  effect  causing  the  barrier 
are  the  acceptor  states  at  the  interface  or  the  difference  in  the  work  function. 

17  1ft  —  'X 

Si  dopped  GaAs  (N-tvpe,  impurity  concentration:  7.10  <  N  <  3.10  cm  ) 
is  being  used  in  the  experiments.  One  first  evaporation  of  A1  has  been  made 
and  the  expected  0.8V  barrier  has  been  found.  The  effect  of  the  variations 
in  the  preparation  procedure  is  going  to  be  studied. 

After  a  regular  cleaning  on  TCE,  Acetone,  Methanol  and  18  Meg  DI  water, 
the  samples  are  etched  in: 

1:1:4  HCI.  :MF :  DT  (H?0)  with  1  drop  of  H2O2  for  each  10  ml  of  solution 

for  1  minute 

This  etching  solution  has  been  reported  to  minimize  surface  defects  (1). 

In  particular  we  will  study  the  effect  of: 

a)  Heating  the  sample  in  vacuum  before  making  the  contact 

b)  Heating  the  sample  in  forming  gas  before  making  the  contact  (to 
see  if  the  H2  is  able  to  draw  part  of  the  oxygen  from  the  surface). 

c)  Making  the  contact  in  a  Ga  rich  surface. 

One  first  run  of  case  (a)  was  unsuccessful  because  of  processing  problems 
(etching  solution),  and  a  new  one  is  on  the  way.  A1  etch  cannot  be  used  to 
etch  the  A1  because  is  etches  the  GaAs.  HCl  and  HF  based  solutions  are  being 
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tested.  In  all  samples,  the  following  things  will  be  measured: 

Specific  resistance  of  the  contact 

Barrier  height  (I-V  or  C-V  method) 

I-V  character istic 

Auger  spectroscopy  analysis  will  be  made  in  an  attempt  to  relate 
the  atomic  distribution  at  the  metal-semiconductor  interface 
with  the  measured  characteristic 

The  annealing  effect  in  each  case  will  be  studied 

In  order  to  make  all  these  measurements,  an  ohmic  contact  to  the  GaAs  is 
necessary.  Because  of  that  some  work  has  been  done  investigating  in  contacts 
with  a  cover  either  of  A1  or  Au  in  order  to  give  them  mechanical  strength. 

Previous  work  by  Hakki  et  al.[40]  shows  that  Tn-Au  structures  on  GaAs  form 
ohmic  contacts  when  alloyed  in  forming  gas.  The  reported  annealing  temperature 
was  450°C  but  the  optimum  temperature  was  different  for  different  sets  of  contacts. 
On  the  other  hand,  it  has  been  reported  that  In-Al  contacts  sintered  at  320°C  for 
90  sc  on  rough  surfaces  produce  ohmic  contacts  of  about  0.1  12  cm^ . 

All  of  our  experiments  have  been  made  on  Si  doped  N-type  GaAs  with 
concentration  of  impurities  between  7-1017  and  3-1058  cm-3.  We  made  a  contact 
by  evaporating  first  500A  of  In  and  next  1000A  of  A1  on  a  chemically  etched 
surface  (1:1:4  HC1:HF:H20  for  every  10  ml).  Annealing  at  350°C  produced  an 
ohmic  contact  but  some  alloying  took  place  and  the  contact  appeared  as  granu¬ 
lated.  Next  an  In-Au  structure  was  made:  We  first  evaporated  500X  of  In  and 
300A  of  Au.  The  contact  test  pattern  was  obtained  by  a  photoresist  lift  off 
technique.  The  contact  (as  processed)  produced  a  Schottky  barrier  of  about  0.8V. 
Annealing  was  performed  with  gradual  variations  in  time  and  temperature  (in  forming 
gas) . 


Annealing  at  200 °G  for  10  minutes  increased  the  barrier  height  slightly. 
Annealing  at  350°C  for  13  minutes  improved  the  contact  but  when  further  annealed 
at  375°C  for  8  minutes  the  I-V  characteristic  became  a  straight  line  for  current 
densities  of  12  A/cm2.  The  contact  was  tested  by  measuring  the  I-V  characteristic 
between  two  contacts  (0.3  mm‘.  each)  back  to  back.  The  specific  contact  resistances 
were  in  the  10~3  fi  cm2  range.  Some  difficulties  were  experienced  in  making  good 
resistance  measurements  at  this  point  because  the  gold  layer  was  thin  and  its  own 
sheet  resistance  was  not  negligible. 

New  evaporations  with  thicker  layer  of  Au  are  in  progress  so  that  more 
accurate  resistance  measurements  can  be  made.  The  effect  of  the  annealing 
at  higher  temperature  will  also  be  studied.  The  auger  spectroscopy  analysis 
will  be  used  to  study  the  metal-semiconductor  interface  at  each  annealing  stage 
in  an  attempt  to  understand  this  kind  of  contact. 
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SECTION  III 


Optical  Measurements 

The  use  of  picosecond  spectroscopy  has  proved  itself  as  a  valuable  tool 
for  analyzing  characteristic  diffusion  length  and  lifetimes  in  semiconducting 
materials.  As  a  result,  a  picosecond  spectroscopy  laboratory  is  being  developed 
in  the  physics  department  to  probe  these  properties  in  the  GaAs  contact  regions. 
When  the  contract  for  this  work  was  eventually  approved  in  April,  the  spectro¬ 
meter  was  immediately  ordered.  As  time  progressed,  the  laboratory  was  redesigned 
and  facilitated  with  appropriate  electrical  and  water  requirements.  However, 
the  July  delivery  date  was  extended  and  as  of  October  1,  1979,  the  spectrometer 
was  "due  to  arrive  within  the  month." 

The  spectrometer  and  major  support  components  consists  of  the  following 


items: 

Spectra  Physics 

Model 

171 

Argon  Ion  Laser 

Model 

342 

Acousto-optic  mode  locker 

Model 

375 

Dye  laser 

Model 

341 

Synchronous  Pump  Assembly 

Model 

345 

Cavity  Dumper 

NCR 

Mode  1 

K8488 

Research  table 

Tektronix 

Model 

7904 

Sampling  Oscilloscope 

Model 

7A19 

Amplifier  Plug  in 

Model 

7S11 

Vertical  Sampling  Head 

Model 

7T11 

Horizontal  Sampling  Head 

Model 

S6 

Picosecond  Plug  in 

In  addition  : 

i  variety  of  mirrors,  lenses,  holders  detectors  and  miscel- 

laneous  electronic  support  equipment  has  been  purchased. 

With  the  arrival  of  the  spectrometer  and  the  completion  of  the  installation 
and  training  program,  it  is  anticipated  that  data  will  be  obtained  within  six 
months . 
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